Abstract. On-line coupling of electrochemistry (EC) to mass spectrometry (MS) is a powerful approach for identifying intermediates and products of EC reactions in situ. In addition, EC transformations have been used to increase ionization efficiency and derivatize analytes prior to MS, improving sensitivity and chemical specificity. Recently, there has been significant interest in developing paper-based electroanalytical devices as they offer convenience, low cost, versatility, and simplicity. This report describes the development of tubular and planar paper-based electrochemical cells (P-EC) coupled to sonic spray ionization (SSI) mass spectrometry (P-EC/SSI-MS). The EC cells are composed of paper sandwiched between two mesh stainless steel electrodes. Analytes and reagents can be added directly to the paper substrate along with electrolyte, or delivered via the SSI microdroplet spray. The EC cells are decoupled from the SSI source, allowing independent control of electrical and chemical parameters. We utilized P-EC/SSI-MS to characterize various EC reactions such as oxidations of cysteine, dopamine, polycyclic aromatic hydrocarbons, and diphenyl sulfide. Our results show that P-EC/SSI-MS has the ability to increase ionization efficiency, to perform online EC transformations, and to capture intermediates of EC reactions with a response time on the order of hundreds of milliseconds. The short response time allowed detection of a deprotonated diphenyl sulfide intermediate, which experimentally confirms a previously proposed mechanism for EC oxidation of diphenyl sulfide to pseudodimer sulfonium ion. This report introduces paper-based EC/MS via development of two device configurations (tubular and planar electrodes), as well as discusses the capabilities, performance, and limitations of the technique.
Introduction
I n recent years, there has been significant interest in developing paper-based devices for analytical and biosensor applications because they are cheap, malleable, disposable, easyto-use, and simple [1] . Paper-based electroanalytical devices offer the potential for high sensitivity and low limits of detection [1] . The first paper-based electrochemical (EC) device was introduced by Henry and coworkers [2] in 2009 for the detection of glucose, lactate, and uric acid in biological samples. This device utilized a carbon ink/Prussian blue mixture for the working electrode (WE) and counter electrode (CE), and silver/ silver chloride ink for the reference electrode (RE). Cui et al. [3] developed a paper EC sensor comprised of solid-contact ion sensing and reference electrodes to determine the concentration of potassium ions in samples absorbed into a paper substrate (one end of the paper substrate was immersed in the sample solution), demonstrating the ability to integrate solid-contact electrodes with the convenience of disposable paper substrates [3] . Online coupling of paper-based EC cells to mass spectrometry (MS) would open for study a new set of analytical techniques and applications. However, to our knowledge, this technological advance has not been demonstrated.
Electrochemistry coupled to MS (EC/MS) was first introduced by Bruckenstein and Gadde in 1971 [4] . Since then, EC/ MS has found wide application in many areas of science and industry, such as the characterization of EC processes [5] , drug metabolism [6] , and biomolecules (e.g., proteins [7] [8] [9] [10] [11] [12] and deoxyribonucleic acid [13, 14] ), as well as online derivatization of functional groups [15, 16] and chemical imaging [5, 17, 18] . In EC/MS, the mass spectrometer serves as a sensitive detector for identifying products and intermediates generated in EC processes, providing mass-to-charge (m/z) ratios and structural information via tandem MS spectrometry (MS/MS) [5] . Conversely, EC transformations prior to MS can selectively transform analytes to improve ionization efficiency and selectivity [5, 19] .
EC is typically coupled to electrospray ionization (ESI) because of its high sensitivity and its ability to transfer intact nonvolatile species from solution to the gas phase (viz. ESI is a 'soft' ionization method) [20] [21] [22] [23] . In ESI, EC processes occur at the solution-capillary interface ('solution' in this context refers to the solvent carrying analytes and reactants through the EC cell and ESI emitter) [24] [25] [26] [27] [28] [29] [30] [31] , which are influenced by the ESI current, capillary material, and composition of the solution. As a result of this inherent complexity in ESI, a distinct EC cell is desired to enable independent physical, electrical, and chemical control [32] [33] [34] [35] . Two-electrode [34, [36] [37] [38] [39] [40] [41] and three-electrode [33, 35, [42] [43] [44] EC/ESI-MS configurations have been developed that achieve electrical decoupling through (a) floating the EC cell on the potential induced by the ESI high voltage or (b) electrically isolating the electronic circuits. An interesting example is an integrated three-electrode EC/ESI-MS device developed by Cole and coworkers [33, 35, 42] in which solution interacts with the EC working electrode a few millimeters before the end of the ESI source, leading to shorter response times (t r < 3 s; time between EC conversion and detection at three times the signal-to-noise (S/ N)) compared to typical configurations that have tubing connecting the EC cell and ESI emitter (t r is determined by tubing length, tubing internal diameter, and solution flow rate).
The field of ambient mass spectrometry (AMS) was started by Cooks and coworkers with the development of desorption electrospray ionization (DESI). AMS provides the ability to perform chemical analyses of systems in their natural state, which has led to impactful discoveries in numerous research areas such as forensics, environmental science, and cancer biochemistry [45] [46] [47] [48] [49] [50] [51] [52] [53] . Recently, Chen and coworkers [11, [54] [55] [56] [57] [58] demonstrated that DESI can characterize liquid samples (liquid sampling DESI; LS-DESI) such as the effluent from chromatographic columns [59] [60] [61] and EC flow-cells [10, [62] [63] [64] . When microdroplets from a LS-DESI source impact the outlet of tubular [54] or thin layer [10] EC flow cells, species in the EC effluent are desorbed into secondary microdroplets that travel towards a MS for detection. The electrical, chemical, and physical components of the EC cell and LS-DESI source [54] are separate, which enables independent control of electrical potentials, minimizes deleterious effects of electrolytes on ionization efficiency, prevents unwanted reactions that can potentially occur at ESI electrode surfaces, increases the scope of EC chemical systems available for study by EC/MS, and reduces carry-over effects in the ionization source. Recently, the Zare and Chen laboratories developed an EC/DESI-MS configuration that enables ambient capture of solution-phase intermediates with lifetimes of tens of milliseconds [65] , which has significant advantage for elucidating EC mechanisms. In another significant advance, the Cooks and Ouyang laboratories introduced a paper-based spray ionization source (PSI) that provides an elegant, simple, portable, and cheap method for analyzing various samples (e.g. chemicals and cells) and reactions by MS [66] [67] [68] [69] [70] [71] [72] [73] [74] . Coupling P-EC to MS would leverage the advantages of paper (e.g. cheap, versatile, and disposable), as well as advance paper electroanalytical technologies through providing mechanistic information about processes occurring in paper.
Herein, we harness the benefits of paper for EC/MS applications. We report the development and characterization of a twoelectrode paper-based EC cell for coupling to MS (hereafter referred to as P-EC/MS; Figure 1 ). The P-EC/MS system is composed of (a) a paper substrate sandwiched between two solid-contact stainless steel (SS) mesh electrodes (planar P-EC) and (b) an ambient microdroplet probe directed at P-EC in line with the MS (Figures 1a and 1c) . In a typical experiment, primary microdroplets containing reagents/analytes impact the paper substrate saturated with electrolyte after passing through SS mesh electrode E1. It is also possible to use pure solvents in the SSI microdroplet spray and saturate the paper with analytes/reagents and electrolyte. However, unless stated otherwise, the capabilities of P-EC/MS will be described with reagents/analytes added to the microdroplet spray. Application of a potential across the electrodes (ΔV) produces EC intermediates and products, which are extracted into secondary microdroplets that travel through E2 and undergo sonic spray ionization (SSI) [75] to generate gas-phase ions. The flexibility of the SS mesh electrodes and paper substrate make the EC cell malleable, providing multiple configurations for coupling P-EC cells to MS (Figure 1b shows the tubular configuration).
The capabilities of P-EC/SSI-MS were demonstrated using well-known EC reactions such as oxidation of cysteine (Cys), diphenyl sulfide (PhSPh), and polycyclic aromatic hydrocarbons (PAH). P-EC/SSI-MS produce results similar to previously published EC/MS characterization of these reactions, demonstrating its ability to monitor EC processes, to increase ionization efficiency of nonpolar compounds, to perform online derivatization of specific analytes, and to distinguish isomers based on differing EC properties. One particularly exciting observation is that P-EC/SSI-MS has a short t r , which facilitates detection of transient intermediates generated at the electrode surfaces on the hundreds of milliseconds time scale. The shorter t r of P-EC/SSI-MS allowed detection of a deprotonated diphenyl sulfide species ([PhSC 6 H 4 ]) during oxidation [42] , providing evidence for a mechanism involving a cation or radical [Ph-S-C 6 H 4 ] species to form pseudodimer sulfonium ion product [Ph 2 S + C 6 H 4 SPh]. In addition, the P-EC cell and SSI source are discrete systems, allowing independent control of electrical and chemical parameters. Finally, using a paper substrate between the electrodes provides a simple, cheap, disposable, and versatile approach for coupling EC to MS.
Experimental

Materials
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. The stainless steel meshes (304 SS woven mesh with an unpolished (mill) finish; wire diameter = 200 μm; 30% open area) were purchased from Amazon.com (Seattle, WA, USA). The paper substrate was made from two sheets of Kimwipe (KimberlyClark, Neenah, WI, USA) and purchased from Thermo Fisher Scientific (San Jose, CA, USA). The direct current (DC) power supply (Keysight U8002A; 0-30 V; 0-5 A) was purchased from Testequity, LLC (Moorpark, CA, USA).
Design and Operation of the Paper-Based Electrochemical Cells
In planar P-EC, a paper substrate is placed between and in contact with two SS mesh electrodes (E1 and E2 in Figure 1a and of the paper substrate > E2 to minimize the possibility of electrical shorting during operation of the EC cell. The x and y dimensions of the paper substrate are relatively similar to the electrode E1 (paper thickness =~50 μm per sheet) and the E1-paper-E2 components of the P-EC assembly (500 μm total thickness) are held together with two regular office metal binder clips. Plastic insulators (colored green in Figure 1c) were inserted between the binder clips and the electrode surfaces. The P-EC assembly was positioned at 90 o relative to the MS inlet and held in place using three-pronged clamps attached to ring stands ( Figure 1c ). The microdroplet SSI emitter was placed 17 mm from the MS inlet (0 o relative) and 2 mm from E1. In the tubular P-EC (Figure 1b ) configuration, two sheets of SS mesh (dimensions of E4 are less than E3) separated by a paper substrate of relatively similar dimensions were wrapped around a circular object to produce tubular electrodes (internal
). The microdroplet emitter is placed 0 o relative to the MS inlet, and the emitter-to-P-EC and P-EC-to-inlet distances are 2 mm (Figure 1b ). For both the planar and tubular P-EC assemblies, alligator clips were used to connect each electrode to terminals of the DC power supply ( Figure 1) .
Construction of the microdroplet sprayer has been previously described by Cooks and coworkers [53] . Briefly, the sprayer consisted of a Swagelok (Swagelok, Fremont, CA, USA) 1/16′′ SS tee through which a FS capillary (250 μm i.d.; 360 μm o.d.); Polymicro Technologies, Lisle, IL, USA) delivered liquid from a Harvard Apparatus Standard Pump 22 (Holliston, MA, USA) syringe pump. FS passed through both 180 o openings, and was held in place with a SS ferrule and SS nut at the end of the tee. The other end of FS passed through a SS capillary (length = 5 cm; i.d. = 0.020′′), which was held in place with a second SS ferrule and SS nut. FS capillary protruded from the end of the SS capillary bỹ 1 mm. Different solution compositions were sprayed with flow rate at 20 μL/min. Sheath gas (nitrogen; N 2 ) entered the sprayer at the 90 o opening of the tee (line pressure =~200 PSI) and exited SS capillary, generating the microdroplet spray.
In a typical P-EC/SSI-MS experiment, the paper substrate is saturated with electrolyte using a Pasteur pipet and kept saturated throughout the analysis. Then, 4 V is supplied to the electrodes using a DC power supply [for the planar configuration, the positive electrode (E2) was closest to the MS; for tubular P-EC, the positive electrode (E3) forms the internal surface of the assembly]. Analyte is then delivered to the P-EC assembly via the microdroplet spray emitter. In the planar configuration, microdroplets impact the paper substrate after passing through E1. Electrochemical species generated in the paper substrate are extracted by subsequent impacting microdroplets, which carry the analytes to the mass spectrometer. In tubular P-EC/MS, the primary microdroplets deliver the analyte to the paper substrate after passing through E3 (Figure 1b ). Generated electrochemical species are then desorbed and extracted into secondary microdroplets. An important difference between the planar and tubular designs is that the secondary microdroplets can either travel to the mass spectrometer or undergo subsequent collisions with the paper substrate leading to additional reactions. As a result, the length and ISA of the tubular electrodes influence parameters such as the reaction time, ionization efficiency, and sensitivity.
Mass Spectrometry
The microdroplets entering the mass spectrometer undergo desolvation using a capillary temperature of 275 o C on an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) [76] [77] [78] [79] [80] [81] . Unless specified otherwise, the Orbitrap MS was typically operated using the following parameters: single-stage m/z range = m/z 60-500, m/z resolution setting = 100,000 at m/z 400, mass accuracy = 2-5 ppm, microscans = 1, ion injection time = 500 ms, tube lens voltage = 110 V, spray voltage = 0 kV (SSI). For experiments that measure t r , ion detection was performed using the linear ion trap of the hybrid mass spectrometer (ITMS) with similar settings as described above, except that ion injection time = 100 ms.
Results and Discussion
Characterization of Planar P-EC/SSI-MS
The well-known EC formation of disulfides from thiols (e.g., Cys in Figure 2a ) [10] was used to characterize features of planar P-EC/SSI-MS (Figure 1a) . SSI was used to avoid voltage-induced reaction pathways such as the formation of reactive oxygen species, which can occur with water (H 2 O) or acetonitrile (CH 3 CN) as ESI solvents [82] . When a solution of Cys (MW = 121 gmol -1 ; 10 mM in 1:1 water:methanol (H 2 O:CH 3 OH)) was used as the microdroplet spray and KCl (10 mM) as the electrolyte added to the paper substrate, application of a potential difference (ΔV) = 4 V across electrodes E1 and E2 yielded mass spectra (Figure 2b and c) + (m/z 284.994). The ion signals corresponding to the disulfide product were not observed when ΔV = 0 V (Figure 2c ), successfully demonstrating P-EC oxidation followed by online SSI-MS.
The paper substrate is sufficiently porous such that ion signal intensities are not significantly affected when the EC cell is placed between the SSI and the MS inlet. When various solutions of Cys Figure S1a ). Unless stated otherwise, error bars represent the standard deviation of three values and a fresh paper substrate was used for each measurement. In addition, it is important to note that the position of P-EC (angles and distances) has a significant effect on ion signal intensity, so the same parameters were used for all measurements. The ratio (Σ[Cys + n] + with P-EC)/(Σ[Cys + n] + without P-EC) across all Cys concentrations = 1.1 ± 0.3, which indicates that the paper EC cell does not significantly affect sampling efficiency (S E ) = ion transmission efficiency (T E ) + ionization efficiency (I E ) when placed between the emitter and the MS inlet.
The concentration of KCl affects ionization efficiency (I E ) from the paper substrate, whereas ΔV has no effect on I E . When the paper substrate was saturated with various concentrations of KCl (1, 10, and 100 mM) at ΔV = 0 V, the ratio (Σ[Cys + n] concentrations increase I E , which is in agreement with the proposed statistical charge distribution mechanism for SSI (average charge of the microdroplets is proportional to the square root of ion concentration) [83] . The optimum voltage for EC conversion of Cys was determined by varying ΔV and monitoring product/reactant intensity ratios, which increase from 2 to 4 V and then plateaus at 4 V (Figure 3c Figure 3b and Figure S1c ).
An important parameter in P-EC/SSI-MS is the polarity of ΔV with respect to direction of the microdroplet spray and MS inlet. All experiments described above were performed with E2 connected to the positive terminal of the DC power supply (Figure 1a) . When the polarity is switched so that E2 is the cathode, [Cys-S-S-Cys + n] + ion signals were not observed ( Figure S2 ). In addition, [Cys + n] + signal intensities remain relatively unchanged when E2 is the cathode. These results suggest that disulfide species generated at the anode (E1) are reduced at the cathode (E2) prior to exiting the EC assembly, producing mass spectra containing primarily [Cys + n] + shows that oxidation only occurs when a potential is applied (ON state) to the EC cell. Now, t r = delay from voltage onset (delay time) + time for signal intensity to increase to S/N = 3 (rise time). Signal intensity at the base (t base ) of the first peak is 295 and at the point where the slope of the peak decreases is 3638 (these points are connected by a red line, Figure 4c ). Thus, rise time = 500(2 × 295)/(3638 -295) = 90 ms (IT = 500 ms; total scan time = 3 s). Similar calculations for the first three peaks in Figure 4c gives an average rise time of 120 ± 40 ms (for peak 3, t base is equal to the average noise intensity of~30; note that the slope of peaks 3 and 4 decrease after two MS scans relative to t base ). For these experiments, the temporal resolution using IT = 500 ms is not sufficient to measure the delay time. ITMS XIC (IT = 100 ms for [PhSPh] •+ (m/z 186; reaction mechanism discussed later in the article) generated from EC oxidation of PhSPh, yielded a rise time of 100 ± 100 ms and delay time of 330 ± 10, which gives t r = 500 ± 100 ms (Figure 4d ). In summary, experiments characterizing planar P-EC/SSI-MS show that (1) the paper substrate in the EC cell does not affect ion signal intensity (viz. T E ), (2) [electrolyte] influences I E owing to the square root dependence of average microdroplet charge on ion concentration, (3) the magnitude of ΔV applied to the EC cell has no effect on I E or T E , (4) this P-EC cell configuration has threshold [KCl] = 10 mM and [Cys] = 1 mM at ΔV = 4 V (threshold potential = 2 V) for observing disulfide product, (5) P-EC allows the use of relatively high [electrolyte] ≤ 10 mM without fouling of the MS inlet (deposition of KCl was observed at 100 mM), (6) the polarity of ΔV relative to the SSI microdroplet spray direction and MS inlet determine the species observed in acquired mass spectra (viz. the mass spectrometer primarily samples species generated at E2 in the P-EC cell), and (g) the response time is on the order of hundreds of milliseconds.
Ionization and Differentiation of Polycyclic Aromatic Hydrocarbons (Planar P-EC/SSI-MS)
It is often necessary to characterize samples containing nonpolar molecules such as polycyclic aromatic hydrocarbons (PAHs), which are components of crude oil [84] . Many PAHs such as the isomers of benzo[α]pyrene (BAP) are potent carcinogens [33] that require environmental monitoring. Under certain conditions, ESI can extract an electron from PAHs when the number of aromatic rings in the molecule is greater than two [84, 85] . Direct detection of PAHs by SSI-MS is more challenging because a high voltage is not applied to the microdroplet spray solution. In addition, MS is unable to resolve isomers, thus requiring additional derivatization steps for characterization of PAH.
We utilized P-EC/SSI-MS to ionize and differentiate BAP and perylene (PER) isomers (C 20 H 12 ; 252 Da) based on the intensities of species generated in EC reactions with H 2 O. When mixtures of BAP:PER (9 mM:1 mM and 1 mM:9 mM in CH 2 Cl 2 /ACN) were placed in the SSI microdroplet spray, [C 20 H 12 ] •+ (m/z 252.091) was not observed (Figure 5a and b) , indicating that the SSI mechanism is not sufficient to remove an electron from this aromatic ring system. This observation agrees with previous studies showing that the ESI potential ionizes PER with very low efficiency and does not yield any detectable signal for BAP [33] . Application of ΔV = 4 V to the EC cell yielded ion signals at m/z 252.091 ([BAP] •+ and [PER] + in acquired mass spectra [33, 34, 54] . The significant difference in the signal intensities of the oxidation products provides a means to distinguish a mixture of the two isomers using EC/MS. Previous EC/ESI-MS spectra of H 2 Omediated oxidation of BAP also show a peak at nominal m/z 283 corresponding to [BAP -H + 2O] + with higher relative intensity compared with nominal m/z 267 and nominal m/z 252 [33] . The ion signal at m/z 283.073 is observed at very low relative intensities of~0.9%,~0.3%, and~0.4% (compared with m/z 252.091) for 1 mM PER, 1:9 BAP:PER, and 9:1 BAP:PER solutions, respectively, when 4 V was applied to the EC cell (Figure 5c and d) . The lower relative intensity (<1%) of the ion signal at nominal m/z 283 suggests that planar P-EC/SSI-MS (t r = 500 ± 100 ms) is accessing an earlier reaction time point compared with the EC/ESI-MS (t r < 3 s [33] ). These •+ (m/z 186; see Figure 6 for reaction mechanism and Orbitrap mass spectra; arrows indicate the time when the DC power supply is switched ON for each trial, which have distinct colors) results highlight the ability of planar P-EC/SSI-MS to increase I E , and sensitivity of nonpolar analytes, differentiate isomers based on distinct EC properties and reactions, and intercept EC intermediates and products on short time scales.
Elucidation of Electrochemical Reaction Mechanisms (Planar P-EC/SSI-MS)
The characterization of EC reactions is important for understanding many important chemical and biological processes [5] . One well-known reaction is the anodic oxidation of diphenyl sulfide (PhSPh) to produce species containing sulfoxide and sulfone functional groups (Figure 6a ) [42] . The proposed EC reaction mechanism [42] involves oxidation of neutral [PhSPh] to yield radical cation [PhSPh] •+ (m/z 186.050), which is unstable and may undergo further oxidation to diphenyl sulfone ([PhS(O) 2 Three mechanisms have been proposed for the formation of the pseudodimer sulfonium ion involving three distinct intermediates (bolded in the scheme below) [42, 86] :
Previous EC/ESI-MS studies (ΔV = 1.5 -1.75 V) using t r = 3 s, identified [PhSPh] •+ at nominal m/z 186 and the pseudodimer sulfonium ion at nominal m/z 371, but ion signals for the intermediates at nominal m/z 372 and 185 were not observed, which led to the conclusion that mechanism I is predominant [42] . Using P-EC/SSI-MS (t r = 500 ± 100 ms), an ion signal was observed at m/z 185.042 for intermediate [PhSC 6 H 4 ] + indicating that mechanism II is also involved in the formation of the pseudodimer sulfonium ion. The Orbitrap mass spectrometer used in this study is not capable of resolving the •+ (m/z 372.101) (Figure 6b ). However, the relative intensity of nominal m/z 372 (~26%) agrees with the expected value for the 13 C pseudodimer sulfonium isotope, suggesting that mechanism III is not predominant. These results demonstrate that P-EC/SSI-MS can intercept intermediates generated at electrode surfaces with temporal resolution of hundreds of milliseconds, making it a powerful technique for elucidating fast EC processes. Figure 6 and mechanism II observed except [PhS(O) 2 Ph+H] + at m/z 219.048). These results suggest that placing reagent in the paper causes unwanted competitive reaction pathways leading to numerous unidentified ion signals in acquired mass spectra. These ion signals may originate from additional [PhSPh]-related redox processes and/or from reaction with components of the paper matrix.
When tubular P-EC/SSI-MS (Figure 1b ) was used to characterize oxidation of [PhSPh] in the microdroplet spray, acquired mass spectra ( Figure S3b Figure S3c) . Thus, the four configurations can be placed in order of ([PhSPh] oxidation):(unwanted competitive pathways) ratio as follows: planar-spray > planar-paper > tubular-paper > tubular-spray (EC cell shape-reagent location). This order suggests that competitive pathways are more pronounced at longer reaction times, which is controlled by the tube dimensions and reagent residence time in the paper substrate.
Current results demonstrate that (1) reagents added to the paper substrate undergo EC conversion with potential reaction with components of the paper matrix and longer residence times, (2) EC transformation can be achieved using a tubular P-EC/SSI-MS design, and (3) tube dimensions significantly impact reactivity and performance characteristics such as ionization efficiency.
Proposed Mechanism for P-EC/SSI-MS
The results outlined above have provided some preliminary insights into the mechanism of P-EC/SSI-MS. When a voltage is applied to the EC cell, oxidation and reduction regions extend a short distance from the electrode surfaces into the paper matrix. Microdroplets from the SSI emitter impact the paper substrate, delivering reagents to the EC cell. These reagents may undergo reduction at E1 as they diffuse through the paper towards the anode E2, where they are oxidized. Owing to the thinness of the electrodes (200 μm) and paper (~100 μm), the speed of impacting microdroplets (~150 m/s [87] ) rapidly transfers species generated at the E2-paper interface into the gas-phase, leading to a response time on the hundreds of milliseconds times scale (t r = 500 ± 100; Figure 4 ). The short t r allows detection of transient EC species such as [PhSC 6 H 4 ] + formed in the oxidation of [PhSPh] (Figure 6 ). When reagents are added to the paper, there is a longer time between application of the voltage and sampling by the microdroplet spray (viz. t r is longer), which may cause unwanted processes such as reaction with chemical components of the paper. When the polarity is switched, reagents in the microdroplet spray may be oxidized at E1 and then reduced at E2 (cathode) prior to entering the gas phase. As a result, ion signals corresponding to oxidized intermediates and products were not observed in positive mode mass spectra ( Figure S2 ). For tubular P-EC/SSI-MS, t r should be longer because of multiple collisions with the paper as microdroplets travel through the tube. In addition, extraction efficiency from the inner surfaces of the tube will be lower compared with the direct 90 o impact of the microdroplet spray in the planar configuration. Similar to the planar configuration, the anode should be the inner electrode for characterization of oxidation reactions.
An important point to note is that relatively high concentrations of analyte (mM) were required to observe EC conversion. This concentration regime agrees with previous observations by Cui et al. [3] that solid-contact K + -selective electrodes had detection limits three orders of magnitude higher in a nitrocellulose paper matrix compared to bulk solution. A possible reason for the lower sensitivity is that ion transport through the paper matrix and at the paper-electrode interface is slower compared with solution phase. Further characterization experiments are required to identify the processes occurring in the paper matrix and inside the tube during EC cell operation, as well as elucidate their effect on EC reactivity. In addition, the impact of parameters such as tube dimensions (e.g., length and diameter), composition of the paper matrix, electrode material, and paper porosity on P-EC/MS performance needs to be evaluated.
Conclusions
This report describes coupling of paper-based electrochemical cells (P-EC) to sonic spray ionization mass spectrometry (P-EC/SSI-MS). The EC cells consist of a paper substrate sandwiched between two mesh stainless steel electrodes. In P-EC/SSI-MS, the EC cell is physically decoupled from the ionization source, allowing independent control of electrical and chemical parameters. The flexibility of paper and mesh electrodes allowed development of tubular and planar P-EC/ SSI-MS configurations, demonstrating high versatility and modularity. P-EC/SSI-MS was used to successfully characterize EC oxidation of cysteine, dopamine, polycyclic aromatic hydrocarbons, and diphenyl sulfide. Perhaps one of the most exciting features of P-EC/SSI-MS is a demonstrated response time on the order of hundreds of milliseconds, which allowed online detection of transient EC species generated at the electrode surfaces in contact with the paper substrate. The high temporal resolution makes P-EC/SSI-MS a powerful tool for elucidating the mechanisms of EC processes in situ. In addition, the benefits and convenience of paper provide a low cost, disposable, and simple approach for coupling EC processes to MS. P-EC/MS has the potential to open new areas of research and to facilitate the development of P-EC devices via advancing current understanding of molecular EC mechanisms operating in the paper substrate.
